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1.  Summary  of  Activities  Carried  Out 

This  project  had  as  its  aim  to  carry  out  targeted  numerical  and  experimental  studies  into  the 
properties  of  optical  frequency  comb  sources.  The  generation  of  frequency  combs  is  intimately 
connected  with  the  nonlinear  spectral  broadening  that  occurs  in  optical  fibers  due  to  the  Kerr  effect, 
and  our  initial  work  focussed  on  fundamental  studies  examining  the  sensitivity  of  such  nonlinear 
spectral  broadening  to  input  noise,  and  the  development  of  techniques  to  reduce  such  noise  with  the 
presence  of  an  external  seed  source.  To  perform  fundamental  studies  of  this  process,  we  considered 
the  case  of  "spontaneous"  four  wave  mixing  or  modulation  instability,  which  is  the  noise-driven 
analogue  of  the  process  generating  frequency  combs.  Our  experimental  set-up  is  shown  below  and 
illustrates  how  the  nonlinear  spectral  broadening  induced  by  the  20  MHz  pump  laser  source  in  9.5  m 
of  highly  nonlinear  fiber  (HNLF)  was  combined  with  a  "seeding"  source  whose  aim  was  to  lower  the 
threshold  for  spectral  broadening  by  stimulating  it  from  either  a  narrowband  (100  kHz  linewidth) 
continuous  wave  or  a  (partially)  coherent  seed. 


Figure  1:  Experimental  Setup  used 

Our  experiments  showed  control  of  both  the  spectral  and  noise  properties  of  optical  fibre 
spectral  broadening  using  an  incoherent  seed  with  power  at  the  10-6  level  relative  to  the  pump,  and 
varying  the  seed  wavelength  revealed  enhancement  of  the  spectrally-broadened  bandwidth  and 
improvement  in  signal-to-noise  ratio  as  the  seed  coincides  with  the  peak  of  the  calculated  four  wave 
mixing  (modulation  instability)  gain.  Stochastic  nonlinear  Schrodinger  equation  simulations  were 
shown  to  be  in  very  good  agreement  with  experiment.  This  work  was  reported  in  Opt.  Lett.  38  5338 
(2013)  and  in  a  number  of  conferences  (see  list  below). 

An  important  feature  of  our  work  was  the  development  of  a  real  time  technique  suitable  for 
the  measurement  of  spectral  fluctuations,  and  the  grant  was  indispensable  in  allowing  us  to  purchase 
and  optimise  the  necessary  equipment.  This  real-time  technique  has  become  a  standard  technique 
allowing  the  study  of  nonlinear  spectral  broadening  under  a  wide  range  of  conditions.  Our  work 
performed  using  this  technique  was  also  reported  in  a  summary  paper  which  was  selected  as  a 
highlight  of  Optics  in  2013  by  the  Optical  Society  of  America  in  Optics  and  Photonics  News,  Dec  (2013). 

The  results  of  this  project  have  direct  impact  on  the  understanding  of  the  nonlinear  wave  mixing 
interactions  in  frequency  combs,  and  will  feed  into  future  studies  of  comb  dynamics  and  dissipative 
soliton  characterisation  using  real-time  measurement  techniques. 
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Publications 


Key  publications  specifically  linked  to  the  studies  funded  by  the  grant  are: 

D.  M.  Nguyen,  T.  Godin,  S.  Toenger,  Y.  Combes,  B.  Wetzel,  T.  Sylvestre,  et  al.,  "Incoherent  resonant 
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T.  Godin,  B.  Wetzel,  J.  M.  Dudley,  G.  Herink,  F.  Dias,  G.  Genty,  B.  Jalali,  C.  Ropers,  D.R.  Solli  "Ultrafast 
Single-Shot  Measurements  in  Modulation  Instability  and  Supercontinuum,"  Optics  and  Photonics 
News,  24(12)  pp.  55-55  (2013)  special  issue  on  Optics  in  2013 


The  results  obtained  in  this  work  have  been  presented  at  a  number  of  Keynote  and  Plenary 
conference  presentations  given  by  the  Principal  Investigator  in  2013-2015 

J.  M.  Dudley,  "The  Key  Enabling  Technologies  of  Photonics,"  Plenary  Lecture  at  IEEE/ASME 
International  Conference  on  Advanced  Intelligent  Mechatronics,  July  8-11,  Besangon,  France  (2014) 

J.  M.  Dudley,  "Extreme  Processes  in  Nonlinear  Fiber  Optics,"  The  Rank  Prize  Funds  Symposium  on  New 
Florizons  in  Nonlinear  Fibre  Optics  June  16-19,  Grasmere,  UK  (2014) 

J.  M.  Dudley,  "Frontiers  of  Nonlinear  Optics,"  18th  meeting  of  the  Czech-Slovak  Physical  Societies, 
Olomouc,  Czech  republic,  Sept  16-19  (2014) 

J.  M.  Dudley,  "Unexpected  Ultrafast  -  New  Frontiers  in  the  Physics  and.  Applications  of  Ultrafast 
Optics,"  ICMAT  2015,  28  June  -  3  July,  Singapore  (2015) 
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Annexes 


The  annexes  contain  reprints  of  the  key  publications  listed  above,  together  with  the  slides  of  a  Keynote 
talk  delivered  at  the  Photonics  Global  Conference  held  in  Singapore  in  2015. 
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We  report  control  of  the  spectral  and  noise  properties  of  spontaneous  modulation  instability  (MI)  in  optical  fiber 
using  an  incoherent  seed  with  power  at  the  10-6  level  relative  to  the  pump.  We  sweep  the  seed  wavelength  across  the 
MI  gain  band,  and  observe  significant  enhancement  of  MI  bandwidth  and  improvement  in  the  signal-to-noise  ratio  as 
the  seed  coincides  with  the  MI  gain  peak.  We  also  vary  the  seed  bandwidth  and  find  a  reduced  effect  on  the  MI 
spectrum  as  the  seed  coherence  decreases.  Stochastic  nonlinear  Schrodinger  equation  simulations  of  spectral  and 
noise  properties  are  in  excellent  agreement  with  experiment.  ©  2013  Optical  Society  of  America 

OCIS  codes:  (030.1640)  Coherence;  (190.4370)  Nonlinear  optics,  fibers;  (190.4380)  Nonlinear  optics,  four-wave 


mixing;  (320.7140)  Ultrafast  processes  in  fibers. 

http://dx.doi.org/10.1364/OL.38.005338 

Modulation  instability  (MI)  in  the  anomalous  dispersion 
regime  of  an  optical  fiber  is  associated  with  the  exponen¬ 
tial  growth  of  low  amplitude  noise  on  an  incident  con¬ 
tinuous-wave  (CW)  or  quasi-CW  pump.  The  instability 
leads  to  strong  temporal  modulation  of  the  pump  and 
the  growth  of  distinct  sidebands  in  the  spectrum  [1-3]. 
MI  is  one  of  the  fundamental  nonlinear  processes  in 
many  fields  such  as  optics,  plasma  physics,  and  hydrody¬ 
namics,  and  it  has  become  the  subject  of  significant 
recent  interest  because  of  links  with  the  emergence  of 
giant  “rogue  wave”  instabilities  on  the  ocean  [4,5]. 
Noise-driven  MI  is  also  a  key  mechanism  in  fiber  super¬ 
continuum  (SC)  generation  using  long  pulses,  and  has 
been  extensively  studied  in  the  context  of  high-power 
broadband  source  development  [6]. 

The  spectral  structure  and  noise  properties  of  MI- 
driven  SC  generation  have  been  previously  shown  to 
be  highly  sensitive  to  the  presence  of  a  weak  copropagat¬ 
ing  seed,  and  numerical  studies  have  been  confirmed 
experimentally  for  both  femtosecond  and  picosecond 
pulse  pumping  [7-11].  The  fact  that  a  low  amplitude  seed 
can  strongly  affect  MI  can  be  understood  physically 
because  the  seed  creates  an  initial  modulation  on  the 
pump  that  will  see  preferential  growth  relative  to  any 
broadband  noise.  However,  all  previous  studies  in  this 
field  have  been  carried  out  with  strongly  coherent  seed 
and  pump  sources  using  either  a  low  amplitude  pulse 
replica  derived  from  the  pump  [10]  or  a  narrow  linewidth 
CW  laser  [11]. 

In  this  Letter,  we  show  that  the  strong  influence  of  an 
external  seed  on  MI  dynamics  is  still  observed  even  when 
the  external  seed  is  only  partially  coherent.  Specifically, 
using  broadband  amplified  spontaneous  emission  (ASE) 
to  seed  picosecond  MI,  we  observe  resonant  enhance¬ 
ment  of  the  MI  spectral  width  and  noise  reduction  as 
we  sweep  the  seed  wavelength  across  the  peak  of  the 
MI  gain  curve.  We  also  study  the  influence  of  the  ASE 
seed  bandwidth  on  the  observed  dynamics,  and  show 
that  the  effect  of  the  seed  is  reduced  when  its  associated 
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coherence  time  decreases  below  the  duration  of  the 
temporal  pump  pulses.  This  clearly  highlights  the  impor¬ 
tance  of  a  stable  amplitude  modulation  in  effectively 
seeding  MI  dynamics.  Our  results  are  shown  to  be  in  ex¬ 
cellent  agreement  with  generalized  stochastic  nonlinear 
Schrodinger  equation  (GNLSE)  simulations.  Note  that 
this  work  is  in  contrast  to  previous  studies  of  spontane¬ 
ous  MI  in  the  spatial  domain  that  use  a  strong  incoherent 
pump  and  coherent  seeds  [12—14].  Here,  we  study  the 
regime  in  which  the  spontaneous  MI  initiated  from  a 
coherent  pump  in  the  time  domain  is  modified  by  a  very 
weak  incoherent  seed. 

Figure  1  shows  the  experimental  setup.  Input  pulses  at 
1552  nm  and  20  MHz  repetition  rate  are  generated  from  a 
picosecond  fiber  laser  (Pritel  FFL-500)  before  amplifica¬ 
tion  in  an  erbium-doped  fiber  amplifier  (EDFA).  The 
pump  pulses  after  the  EDFA  are  characterized  using  an 
optical  spectrum  analyzer  (OSA,  Anritsu  MS9710B)  and 
frequency-resolved  optical  gating  (FROG). 

The  pump  pulses  have  3.8  ps  temporal  width  (FWHM) 
and  a  spectrum  with  characteristic  features  of  self-phase 
modulation.  The  time-bandwidth  product  is  AtAv  ~  0.42. 
The  seed  was  derived  from  an  amplified  ASE  source 
(Highwave  HWT-BS-B1-2)  spectrally  shaped  with  two 
tunable  filters  (Finisar  Waveshaper  4000S)  before  and 
after  the  amplifier  to  ensure  precise  control  over  spectral 
bandwidth  and  power. 


Fig.  1.  Experimental  setup.  DCF,  dispersion  compensating 
fiber;  PC,  polarization  controller;  WS,  waveshaper. 
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The  seed  could  be  configured  to  have  variable  band¬ 
width  from  1  to  36  nm  with  central  wavelength  tunable 
over  1527-1550  nm.  The  pump  pulses  were  combined 
with  the  seed  and  injected  into  9.5  m  of  Ge-doped  highly 
nonlinear  fiber  (OFS  HNLF).  At  the  HNLF  input,  the  aver¬ 
age  pump  power  was  6.4  mW  (P0  =  68  W  peak  power), 
and  the  average  ASE  seed  power  was  90  pW,  i.e.,  106 
times  lower  than  the  pump. 

The  average  spectra  at  the  HNLF  output  were  recorded 
using  the  OSA  and  studied  as  a  function  of  ASE  central 
wavelength  and  bandwidth.  OSA  measurements  were 
complemented  using  dispersive  time  stretching  that 
allows  the  shot-to-shot  spectral  fluctuations  to  be  directly 
measured  [15-17].  This  technique  is  based  on  the  fact 
that  the  intensity  of  a  temporal  field  evolves  into  its 
Fourier  transform  with  sufficient  propagation  in  a  linear 
dispersive  medium  of  length  L.  For  total  dispersion  /?2(SL, 
an  input  pulse  U (t)  with  Fourier  transform  U  (go)  spreads 
temporally  to  have  intensity  that  is  a  scaled  replica  of 
the  input  spectrum  \Uz(t)\2  cx  \U(t/(2fJ2sL))\2.  With  our 
setup,  dispersive  time  stretching  was  implemented  using 
L  =  875  m  of  dispersion  compensating  fiber  (DCF)  with 
PzsL  =  H“130  ps2  such  that  the  ~ns  stretched  pulses 
could  be  easily  detected  in  real  time  using  a  20  GHz  de¬ 
tector  (New  Focus  Model  1414)  and  12  GHz  oscilloscope 
(Tektronix  TDS  6124C).  The  equivalent  spectral  resolu¬ 
tion  with  this  setup  was  0.8  nm. 

We  first  present  numerical  simulations  to  illustrate  the 
expected  influence  of  the  low  amplitude  seed  on  the  MI 
structure  for  our  parameters.  We  use  the  GNLSE  previ¬ 
ously  shown  to  model  the  statistics  of  SC  generation 
including  dispersion  to  arbitrary  order,  self-steepening, 
and  Raman  scattering  [18].  For  the  purposes  of  defining 
notation,  we  write  this  to  third-order  dispersion  here  in 
the  form  Az  +  ip2/2Att  -  fi3/6Am  -  iy\A\2A  =  0,  where 
A(z,t)  is  the  pulse  envelope,  nonlinear  coefficient 
/  =  10.5  W_1km_1,  and  dispersion  parameters  /?2  = 
-5.24  ps2  km-1  and  /?3  =  4.29  x  10~2  ps3  km-1.  Note  that 
Raman  scattering  and  self-steepening  were  found  to  have 
negligible  influence  on  the  results.  We  used  for  the  pump 
pulse  the  parameters  as  measured  by  the  FROG  system. 
For  the  ASE  seed,  we  used  a  Gaussian  fit  to  the  filtered 
spectrum  with  random  phase  and  amplitude  normaliza¬ 
tion  to  experimental  average  power. 

Figure  2  shows  numerical  results  for  a  fixed  seed 
wavelength  of  1531  nm  near  the  maximum  of  the  MI  gain 
curve.  Simulations  are  performed  with  different  initial 
random  noises  to  determine  both  average  MI  spectra 
and  noise  statistics. 

We  plot  500  individual  realizations  from  the  simulation 
ensemble  as  well  as  their  mean.  The  CW  seed  was 
numerical  resolution-limited.  We  also  plot  the  spectral 
coherence  and  the  coefficient  of  variation  Cv  defined 
for  a  distribution  as  Cv  =  o/fi  where  a  and  //  are  the 
standard  deviation  and  mean  at  a  specific  wavelength, 
respectively,  such  that  Cv  yields  a  measure  of  noise  to 
signal  [8,U5]. 

Figure  2(a)  with  no  seed  shows  a  bandwidth  of  100  nm 
at  the  -50  dB  level.  When  MI  is  seeded  by  a  CW  seed  we 
see  a  significant  increase  in  the  bandwidth  and  reduction 
in  the  shot-to-shot  spectral  fluctuations  [see  Fig.  2(b)], 
The  improved  coherence  across  the  MI  bandwidth  in  this 


(a)  No  seed 


a 


(b)  CW  seed  at  1531  nm  (c)  ASE  seed  at  1531  nm 


Wavelength  (nm) 


Wavelength  (nm) 


Wavelength  (nm) 


Fig.  2.  Simulation  results:  MI  spectra  for  (a)  no  seed,  (b)  CW 
seed,  (c)  1  nm  bandwidth  ASE  seed.  Individual  realizations  are 
shown  in  gray,  average  in  black.  Upper  panels  show  second- 
order  spectral  coherence  and  Cv. 


case  is  expected  because  MI  develops  from  low  ampli¬ 
tude  coherent  modulation  due  to  beating  between  the 
pump  and  the  seed  [7].  Significantly,  our  results  in 
Fig.  2(c)  show  how  this  effect  is  also  observed  using  a 
finite  bandwidth  ASE  seed  with  an  increase  in  bandwidth 
comparable  to  the  case  of  a  CW  seed.  However,  the 
partially  coherent  nature  of  the  ASE  does  not  yield  com¬ 
parable  coherence  improvement  across  the  bandwidth. 
Nevertheless,  comparison  of  Cv  in  both  cases  shows  that 
a  partially  coherent  seed  still  provides  a  stabilization  of 
spectral  shot-to-shot  fluctuations  similar  to  that  seen  in 
the  CW  seed  case.  These  simulation  results  reveal  a 
key  novelty  in  predicting  that  even  partially  coherent 
ASE  at  very  low  amplitude  can  have  a  drastic  impact 
on  MI  dynamics  as  confirmed  by  our  experiments 
below. 

Our  first  experiments  examined  how  the  MI  spectral 
structure  and  noise  properties  vary  as  a  function  of  ASE 
seed  wavelength  for  a  fixed  1  nm  ASE  bandwidth.  The  MI 
gain  band  extends  from  zero  detuning  up  to  a  maximum 
frequency  of  (1/2 n)  (4rP0/l/4l)1/2  =  3.72  THz.  Peak  MI 
gain  is  at  2.63  THz.  With  our  setup,  we  were  able  to 
explore  a  detuning  range  from  0  to  3.2  THz  (i.e.,  1527- 
1552  nm)  that  includes  the  MI  gain  peak.  Due  to  the 
limitations  of  the  filters,  we  inject  the  seed  with  positive 
frequency  detuning  (i.e.,  on  the  short  wavelength  side  of 
the  pump),  but  simulations  show  that  the  same  effect  is 
observed  irrespective  of  the  detuning  sign. 

Figure  3(a)  shows  a  false-color  plot  of  the  measured 
spectrum  when  scanning  the  seed  across  the  MI  gain 
curve.  As  the  seed  wavelength  is  varied,  we  see  a  dra¬ 
matic  effect  on  the  MI  spectral  structure,  with  the 
amount  of  seed-induced  spectral  broadening  following 
closely  the  calculated  MI  gain  curve. 

When  the  seed  is  close  to  the  pump  or  in  the  region  of 
low  MI  gain,  there  is  little  spectral  modification,  but  as 
the  seed  frequency  approaches  the  peak  of  MI  gain  we 
see  a  significant  effect,  with  the  generation  of  multiple 
MI  sidebands.  This  is  in  excellent  agreement  with  numeri¬ 
cal  simulations  shown  in  Fig.  3(a)  for  an  ensemble  of 
500  numerical  realizations  from  which  the  mean  spec¬ 
trum  was  calculated.  The  remarkable  visual  correspon¬ 
dence  with  the  experimental  results  confirms  the 
ability  of  the  stochastic  NLSE  simulations  to  reproduce 
the  experimentally  observed  spectral  structure  at  all  seed 
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(a)  Ml  spectra  vs  ASE  seed  wavelength  (BW=1  nm) 
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Fig.  3.  (a)  MI  spectral  profiles  as  ASE  seed  wavelength  is  var¬ 

ied.  The  MI  gain  curve  is  shown  on  the  center,  (b)  Experimental 
average  spectra  (solid)  and  numerical  results  (dashed)  for 
unseeded  (top)  and  for  a  1531  nm  seed  (bottom),  (c)  Seed  wave¬ 
length  dependence  of  -30  dB  MI  bandwidth  (top)  and  Cv  at 
1580  nm  (bottom). 


wavelengths.  To  compare  experiments  and  simulations 
explicitly,  Fig.  3(b)  shows  the  experimental  average 
spectra  with  the  corresponding  numerical  results  both 
for  the  unseeded  case  and  near  the  MI  gain  peak  with 
a  1531  nm  seed. 

To  illustrate  more  clearly  the  increase  in  the  spectral 
bandwidth,  Fig.  3(c)  shows  the  spectral  expansion  at  the 
-30  dB  level  as  a  function  of  seed  wavelength,  once  again 
in  very  good  agreement  with  the  numerical  simulations. 
We  also  characterized  the  intensity  noise  at  1580  nm 
using  real-time  dispersive  time  stretching  as  described 
above.  From  the  measured  time  series,  it  is  straightfor¬ 
ward  to  compute  the  coefficient  of  variation  Cm  which 
is  plotted  as  a  function  of  ASE  seed  wavelength  in 
Fig.  3(c).  Again  experimental  results  are  compared  with 
stochastic  numerical  simulations,  and  both  show  clear 
noise  reduction  as  the  seed  wavelength  approaches 
the  frequency  of  maximum  MI  gain. 

This  particular  result  shows  that,  even  though  we  are 
using  a  partially  coherent  seed,  the  initial  modulation 
across  the  pump  possesses  sufficient  amplitude  stability 
to  strongly  influence  the  pump  dynamics.  To  understand 
this  physically,  it  is  instructive  to  compare  the  coherence 
time  of  the  seed  with  the  pump  pulse  duration.  For  an 
ASE  seed  with  bandwidth  AA,  we  can  calculate  the  coher¬ 
ence  time  from  rc  =  A2  (cAA)-1  where  c  is  the  speed  of 
light.  Using  our  parameters  with  an  ASE  seed  at  A  = 
1531  nm  with  a  1  nm  bandwidth,  we  find  that  the  coher¬ 
ence  time  of  tc  ~  8  ps  is  longer  than  the  input  pulse. 
A  strong  effect  from  seeding  is  thus  not  surprising  as 
the  phase  of  the  induced  modulation  would  be  expected 
to  be  stable  across  each  pump  pulse. 

This  interpretation  is  highly  significant  as  it  suggests 
that  with  broader  ASE  bandwidths  (thus  reduced  coher¬ 
ence  time),  the  influence  of  the  low  amplitude  seed  in  the 
MI  dynamics  should  decrease.  This  was  then  carefully 


ASE  Seed  Bandwidth  (nm) 

Fig.  4.  Experimental  results  showing  the  variation  with  ASE 
seed  bandwidth  of  (top)  -30  dB  MI  bandwidth  and  (bottom)  Cv 
at  the  seed  central  wavelength. 


investigated  through  additional  experiments  using  the 
filtering  setup  to  increase  the  ASE  bandwidth  over  the 
range  1-36  nm  (i.e.,  a  decrease  in  coherence  time  from 
8  to  0.21  ps).  The  results  are  shown  in  Fig.  4  and  com¬ 
pared  with  numerical  simulations.  As  expected,  both 
the  simulations  and  experiment  show  a  steady  decrease 
in  the  bandwidth  and  noise  reduction  for  shorter  coher¬ 
ence  times.  Such  decrease  is  particularly  striking  as  the 
ASE  seed  coherence  time  becomes  significantly  shorter 
than  the  pump  pulse  duration.  For  example,  with  ASE 
seed  bandwidth  of  36  nm,  the  corresponding  coherence 
time  is  0.2  ps  and  thus  more  than  10  times  smaller  than 
the  3.8  ps  pump  duration.  We  expect  in  this  case  a  highly 
unstable  initial  modulation  and  would  anticipate  that  the 
seed  would  have  little  effect.  Indeed,  for  this  case  we  see 
MI  bandwidth  and  Cv  of  76  nm  and  0.75  respectively, 
close  to  the  values  observed  in  the  absence  of  any  seed. 
Differences  between  experiments  and  simulations  are 
attributed  to  the  fact  that  our  noise  model  in  the  simula¬ 
tions  does  not  completely  reproduce  the  experimental 
noise  on  the  pump  or  seed. 

In  conclusion,  we  have  investigated  the  influence  of  a 
low  amplitude  partially  coherent  ASE  seed  on  the  band¬ 
width  and  noise  properties  of  picosecond  MI  in  a  highly 
nonlinear  fiber.  By  sweeping  the  ASE  seed  wavelength 
across  the  MI  gain  spectrum,  significant  increase  in 
the  spectral  bandwidth  is  observed  with  maximum 
broadening  observed  when  the  seed  coincides  with  the 
maximum  of  the  MI  gain.  Real-time  measurements 
performed  using  dispersive  time  stretching  reveal  a 
corresponding  improvement  in  the  noise  properties. 
Experiments  varying  the  ASE  bandwidth  further  show 
that  the  influence  of  the  ASE  seed  is  only  observed  when 
its  associated  coherence  time  exceeds  or  is  of  the  same 
order  of  magnitude  as  the  pump  pulses’  duration.  Our 
results  suggest  that  resonant  ASE  seeding  can  provide 
an  important  tool  in  controlling  the  spectral  properties 
of  MI,  and  this  may  impact  studies  related  to  fiber  source 
development  where  high-power  pump  sources  are  used 
to  generate  broadband  SC  light.  In  such  cases,  spectral 
filtering  of  any  ASE  pump  could  provide  a  complemen¬ 
tary  technique  to  modify  the  SC  properties. 
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Ultrafast  Single-Shot  Measurements  in 
Modulation  Instability  and  Supercontinuum 


The  real-time  measurement  of  ultra- 
fast  noisy  processes  is  challenging 
because  it  requires  single-shot  resolu¬ 
tion,  broadband  fidelity  and  long-record 
length.  It  is  especially  difficult  to  mea¬ 
sure  fluctuations  in  the  optical  super- 
continuum,  a  white  light  source  that  can 
span  over  an  octave  in  bandwidth.  Yet, 
understanding  noise  in  supercontinuum 
light  and  the  intertwined  process  of 
modulation  instability  (MI)  is  critical. 

MI  itself  is  one  of  the  most  fundamental 
processes  in  nonlinear  physics,  while 
supercontinuum  noise  studies  yield  new 
insights  into  the  emergence  of  rogue 
wave  events  in  settings  from  hydro¬ 
dynamics  to  cold  atoms.1 

We  studied  shot-to-shot  variations 
in  both  MI  and  supercontinuum 
generation  using  the  time-stretch 
dispersive  Fourier  transform  (TS-DFT) 
technique.2-5  In  TS-DFT,  the  intensity 
of  a  temporal  field  evolves  into  its  Fou¬ 
rier  transform  with  sufficient  linear 
dispersive  propagation,  analogous  to 
spatial  far-field  diffraction.  Pulses 
from  a  mode-locked  laser  injected 
into  a  high-dispersion  optical  fiber  are 
ultimately  stretched  such  that  their 
intensity  profile  matches  their  spectral 
envelope.  Since  this  waveform  is  slow 
enough  to  be  within  the  bandwidth  of 
a  real-time  digitizer,  it  is  possible  to 
directly  measure  a  series  of  single-shot 
spectra  at  the  full  laser  repetition  rate. 

These  measurements  have  uncov¬ 
ered  new  physics  since  access  to  large 
times-series  permits  detailed  statistical 
analysis.2’3  5  Experiments  have  shown 
that  MI  amplifies  individual  modes 
normally  unseen  in  time-averaged 
experiments,  lending  insight  into  how 
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(a)  Experimental  setup,  (b)  Single-shot  (gray)  and  average  (black)  Ml  spectra.2 
(c)  Top:  single-shot  (gray)  and  average  (black)  supercontinuum  spectra;4  Bottom: 
correlation  between  solitons  and  dispersive  waves  400  nm  apart.  Red  (+),  blue  (-) 
and  black  (uncorrelated). 


patterns  arise  in  other  systems  such  as 
sand  dunes.2  Studies  have  also  charac¬ 
terized  supercontinuum  noise  around 
1,550  nm  and  over  an  octave  of  band¬ 
width  from  600-1,200  nm.3  4  Extending 
TS-DFT  to  work  across  an  octave 
required  custom-fiber  fabrication  for  the 
time-stretching  step.4  The  correlation 
functions  we  calculated  from  experi¬ 
mental  data  revealed  direct  evidence  of 
physical  coupling  between  separated 
wavelength  components,  and  the  nature 
of  the  coupling  was  readily  inferred 
from  the  correlation  structure.2,3 

Real-time  measurements  can 
expose  hidden  phenomena  and  yield 
insight  into  noise-driven  nonlinear 
systems.  More  information  remains 
to  be  unearthed  from  the  libraries  of 
single-shot  spectra  acquired  by  these 
means.  MflSI 


Researchers 

Thomas  Godin.  Benjamin 
Wetzel  and  John  M.  Dudley 

(iohn.dudleyfauniv-fcomte.fr) 

University  of  Franche -Comte,  France 

Georg  Herink 

University  of  Gottingen.  Germany 

Frederic  Dias 

University  College  Dublin.  Ireland 

Goery  Genty 

Tampere  University  of  Tech.,  Finland 

Bahram  Jalali 

University  of  Calif.,  Los  Angeles.  U.S.A. 

Claus  Ropers  and  Daniel  R.  Solli 

University  of  Gottingen  and  University 
of  Calif.,  Los  Angeles 

References 

1.  D.R.  Solli  et  al.  Nature  450.  1054 
(2007). 

2.  D.R.  Solli  et  al.  Nat.  Photon.  6.  463 
(2012). 

3.  B.  Wetzel  et  al.  Scientific  Rep.  2.  882 
(2012). 

4.  T.  Godin  et  al.  Opt.  Express  21, 

18452  (2013). 

5.  D.R.  Solli  et  al.  Nonlinearity  26.  R85 
(2013). 


DECEMBER  2015  OPTICS  &  PHOTONICS  NEWS 


55 


DISTRIBUTION  A.  Approved  for  public  release:  distribution  unlimited. 


SW3L1.pdf 


CLEO:201 4  ©  201 4  OSA 
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Abstract:  We  report  the  observation  of  modulation  instability  in  the  mid-infrared  by  pumping 
chalcogenide-polymer  optical  micro  wires  in  the  normal  dispersion  regime.  Modulation  instability 
is  allowed  via  negative  fourth-order  dispersion  and  leads  to  far-detuned  parametric  frequency 
conversion. 

OCIS  codes:  (190.4370)  Nonlinear  optics,  fibers,  (190.4410)  Nonlinear  optics,  parametric  processes,  (190.4380)  Nonlinear 
optics,  four-wave  mixing,  (320.7140)  Ultrafast  processes  in  fibers 

1.  Introduction 

Chalcogenide  glasses  have  emerged  as  extremely  attractive  materials  for  mid-infrared  applications  due  to  their 
striking  optical  properties  such  as  broad  IR  transparency  and  high  nonlinearities  compared  to  silica  [1].  There  is 
therefore  a  still-growing  interest  in  using  chalcogenide  glasses,  such  as  As2Se3  or  As2S3,  in  the  frame  of  mid-IR 
supercontinuum  (SC)  generation,  sensing,  four-wave  mixing  or  stimulated  scatterings  [2-4].  However,  only  little 
attention  has  been  paid  to  the  fundamental  nonlinear  process  of  spontaneous  modulation  instability  (MI)  in 
chalcogenide,  which  is  associated  with  the  exponential  amplification  of  low  amplitude  noise  on  a  continuous  (or 
quasi-CW)  pump  wave.  MI  causes  a  significant  temporal  modulation  of  the  pump  and  leads  to  the  growth  of 
symmetric  sidebands  on  the  spectrum.  Noise-driven  MI  is  thus  a  ubiquitous  fundamental  process  in  nonlinear 
physics  as  it  is  a  key  mechanism  in  fiber  SC  generation  but  also  because  of  similarities  with  rogue  instabilities  in 
hydrodynamics  [5].  It  is  usually  considered  that  scalar  MI  requires  pumping  in  the  anomalous  dispersion  regime  to 
satisfy  the  phase-matching  conditions.  However,  these  conditions  can  also  be  satisfied  in  the  normal  dispersion 
regime  provided  the  waveguide  possesses  a  suitable  higher-order  group  velocity  dispersion  profile,  as  shown  for 
instance  by  Harvey  et  al.  in  a  silica  photonic  crystal  fiber  [6].  We  report  here  the  observation  of  far-detuned 
broadband  frequency  conversion  due  to  normal  dispersion  MI  in  a  highly-nonlinear  hybrid  As2Se3-polymer  tapered 
optical  fiber  with  dispersion  profile  allowing  phase-matched  frequency  conversion  through  fourth-order  dispersion. 


2.  Experimental  and  numerical  results 


The  experimental  setup  is  shown  in  Fig.  1(a)  along  with  a  schematic  of  the  As2Se3  micro  wire.  The  input  core  size 
in  the  untapered  region  is  16  pm  and  is  reduced  down  to  3.6  pm  in  the  14-cm  long  uniform  tapered  region, 
corresponding  to  a  zero-dispersion  wavelength  of  2830  nm. 
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Fig.  1  (a)  Experimental  setup.  OPO:  Optical  Parametric  Oscillator.  FTIR:  Fourier-transform  infrared  spectrometer.  Inset:  wire 
input  facet  (b)  Experimental  observation  of  modulation  instability  when  pumping  at  X  =  2620  nm  in  the  normal  dispersion 
regime.  The  zero-dispersion  wavelength  is  located  at  X  =  2830  nm.  The  shaded  area  represents  the  OH  absorption  band. 
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By  pumping  in  the  normal  dispersion  regime  at  2620  nm  with  -600  fs  pulses  from  an  optical  parametric  oscillator 
and  increasing  pump  powers,  we  thus  obtained  the  spectra  shown  in  Fig.  2(b).  We  observe  the  clear  emergence  of 
two  widely  spaced  MI  sidebands,  symmetric  in  frequency,  with  the  short-wavelength  sideband  centered  at  2080  nm 
and  the  long-wavelength  at  3555  nm,  corresponding  to  a  frequency  shift  £1/ 2n  =  +30  THz.  This  is  the  largest 
frequency  shift  reported  using  normal  dispersion  MI  in  a  single-pass  configuration  and  in  spite  of  the  presence  of  an 
OH  absorption  band  located  around  2.75  pm  inducing  losses  of  -13  dB.m'1.  At  the  pump  wavelength,  the  phase- 
matched  frequency  conversion  process  is  allowed  by  a  positive  second-order  dispersion  ((32=  2.9296  x  10'2  ps2  m'1) 
mediated  by  negative  fourth-order  dispersion  ((34  =  -9.89xl0'6  ps4  m'1). 


Fig.  2  (a)  Spectral  evolution  simulated  along  the  22  cm  microwire  length  showing  the  dynamics  of  normal  dispersion  MI.  (b) 
Simulated  results  showing  mean  spectrum  at  the  microwire  output  (black)  compared  with  experiment  (cyan).  Individual 
realizations  from  the  ensemble  of  250  shot- to-shot  spectra  are  also  shown  (gray  dots). 


The  30  THz  frequency  shift  has  been  confirmed  by  calculating  the  parametric  gain  using  a  standard  stability 
analysis  approach.  We  also  performed  numerical  simulations  based  on  a  stochastic  nonlinear  Schrodinger  equation 
model  including  variations  in  nonlinear  and  dispersion  parameters  along  the  microwire  length  and  a  stochastic  noise 
model.  Kerr  and  delayed  Raman  contributions  were  also  taken  into  account.  Figure  2(a)  shows  the  pulse  propagation 
in  the  different  segments  of  the  microwire  and  we  notice  that  the  sidebands  generation  is  initiated  in  the  wire  region, 
where  nonlinear  properties  are  enhanced.  Output  spectra  have  been  calculated  from  an  ensemble  of  250  realizations 
and  are  in  good  agreement  with  experimental  measurements,  as  shown  in  Fig.  2(b). 

In  conclusion,  we  have  demonstrated  a  mid-infrared  parametric  frequency  converter  based  on  normal  dispersion 
pumped  scalar  MI  with  1.5  pm  wavelength  spacing.  These  results  highlight  the  great  potential  of  chalcogenide 
microwires  for  applications  in  the  mid-IR  ranging  from  absorption  spectroscopy  to  entangled  photon  pairs 
generation. 
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Why  this  is  unusual  -  a  modern  example  with  light 


Light  waves  usually  disperse  (diffract)  with  propagation 

Nonlinear  self-compression  (self-focussing)  balances  the  usual  linear 
tendency  of  a  wave  to  disperse  (or  diffract) 
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The  unique  and  striking  material  properties  of  chalcogenide  glasses  have  been  studied  for  decades,  providing  applications  ir 
the  electronics  industry,  imaging  and  more  recently  in  photonics.  This  Review  summarizes  progress  in  photonic  devices  that 
exploit  the  unique  optical  properties  of  chalcogenide  glasses  for  a  range  of  important  applications,  focusing  on  recent  examples 
in  mid*infrared  sensing,  integrated  optics  and  ultrahigh-bandwidth  signal  processing. 
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Spatial  structuring  of  a  femtosecond  laser  beam 


Gaussian  beams  have  tradeoff  between  intensity  and  interaction  length 
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Local  intensity  maxima  need  not  travel  in  straight  lines 


Accelerating  beams  -  intensity  peaks  follow  caustics 


264  Am.  J.  Phys.  47(3)*  Mar.  1979 


Nonspreading  wave  packets 

M.  V.  Berry 

H.  H.  Wills  Physics  Laboratory.  Tyndall  Avenue.  Bristol  BS8  1TL,  United  Kingdom 

N.  L.  Balazs 

Slate  University  of  New  York  at  Stony  Brook,  Stony  Brook,  New  York  11794 
(Received  30  June  1978;  accepted  12  September  1978) 


Fold  catastrophe:  Airy  profile 


Individual  rays  travel  in  straight  lines, 
it  is  the  envelope  that  curves 

DISTRIBUTION  A.  Approved  for  public  release:  distribution 


Applications  of  accelerating  beams 


APPLIED  PHYSICS  LETTERS  101,071 1 10  (2012} 

Micromachining  along  a  curve:  Femtosecond  laser  micromachining  of 
curved  profiles  in  diamond  and  silicon  using  accelerating  beams 

A.  Mathis,  F.  Courvoisier,a)  L.  Froehly,  L.  Furtaro,  M.  Jacquot,  P.  A.  Lacourt, 
and  J.  M.  Dudley 

Departement  d’Optique  P.M.  Duffieux,  Institul  FEMTO-ST ,  UMR  6174  CNRS  Universile  de  Fmncke-Comte, 

25030  Besangon  Cede. k,  France 

(Received  4  July  2012;  accepted  31  July  2012;  published  online  14  August  2012) 


Spherical  Light 


32 1 3  OPTICS  LETTERS  /  VoL  30,  No.  13  /  July  1F  30 13 


Arbitrary  nonparaxial  accelerating  periodic  beams  and 
spherical  shaping  of  light 


A.  Milhis.  P.  Courvoisiur.1  R.  Giust.  L.  Kurfiiru.  M.  |at:ijuot,  L.  hroehlly.  und  J.  M.  Dudley 

Dipartanenl  d'Optique  PM,  Duffieux.  Inslilut  FEiVrTO-ST,  VMH  n 174  CtittS  VsdveixitS  de  Pmnchs-Comte, 

25930  Ht.-sn nferr  erttx,  fmrj  /- 
*CorP£spt>nding  author:  fraiKois.ctum'oiaei^femto-si.fr 

Kocoived  April  11,  am:  revised  May  2A,  2U13;  accepted  May  24.  L!1J  I L5. 
posted  May  29.  2013  Poe.  P  1#BEB4|I;  published  pure  21,  2013 
IVe  report  the  observation  of  arbitrary  accelerating  beams  fABi]  designed  using  a  nonparaxial  description  of  optical 
ciuil  i<;s.  We  use  a  spatial  .Lglit  iiuxtn  latur-L-ased  setup  and  iBtdiiiHjues  of  l"tni.ricT  Optics  Lu  geneiuLe  circular  add 
WitMf  beams  MdAnAlu  Cwef  95  itg  ul  are:.  Applying  it  t*j  pi  plenum  Iftry  binary  mnsk  nUo  allows  Hie  gnmllii] 
of  periodic  ABs  taking  the  forms  of  snake-tike  trajectories,  and  the  application  of  a  relation  to  the  caustic  allows 
the  flsst  astptrifiMfiUJ  synlhosis  of  opIfc&L  AUs  upon  tlie  surfeon  of  ft  sphere  in  dnftft  dimensions,  ©  203  3  Optical 
Society  of  AmHa 

OCiS  codes:  (350.H00}  Propagator;  (M0.T420)  Waves;  (070,3186}  Invariant  optical  fields  (070,7348}  Wave 
ptOflftgMlCrt;  (0713,6330)  Kfwiial  light  mndubdora;  {MtSflO  IMOreriinn  theory. 

h  ttp  iZ/dx  do  Lo  rfi/ 1 0. 1  3&  W3L  38 .  iXK2 1 8 


4F  system  +  Founer  filtenng  Imaging  system 

_ Z _  _ ^ _ 


plane  <l>c(yF) 


Beam  direction 
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Optical-Ocean  Wave  Analogy 
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Abstract:  We  demonstrate  optical  analogues  of  gravitational  effects  such  as  gravitational  lensing, 
tidal  forces  and  gravitational  redshift  in  the  Newton-Schrodinger  mainframe,  by  utilizing  long- 
range  interactions  between  solitons  and  accelerating  beams  in  nonlocal  nonlinear  media. 
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Summary 


Ultrashort  pulses  of  light  are  finding  new  applications 

in  unexpected  ways 

Optical  fibre  supercontinuum 
Shaped  light  for  material  processing 
Toy  models  of  physics 


DISTRIBUTION  A.  Approved  for  public  release:  distribution  unlimited. 


